ABSTRACT DNA lesions in the template strand block synthesis by replicative DNA polymerases (Pols). Eukaryotic cells possess a number of specialized translesion synthesis (TLS) Pols with the ability to replicate through DNA lesions. The Epstein-Barr virus (EBV), a member of the herpesvirus family, infects human B cells and is maintained there as an extrachromosomal replicon, replicating once per cycle during S phase. Except for the requirement of the virus-encoded origin-binding protein EBNA1, replication of plasmids containing the EBV origin of replication (oriP) is controlled by the same cellular processes that govern chromosomal replication. Since replication of EBV plasmid closely mimics that of human chromosomal DNA, in this study we examined the genetic control of TLS in a duplex plasmid in which bidirectional replication initiates from an EBV oriP origin and a UVinduced cis-syn TT dimer is placed on the leading-or the lagging-strand DNA template. Here we show that TLS occurs equally frequently on both the DNA strands of EBV plasmid and that the requirements of TLS Pols are the same regardless of which DNA strand carries the lesion. We discuss the implications of these observations for TLS mechanisms that operate on the two DNA strands during chromosomal replication and conclude that the same genetic mechanisms govern TLS during the replication of the leading and the lagging DNA strands in human cells.
exists in a latent form in over 90% of the world's population. The 165-kb genome of EBV is maintained as a nucleosome-coated nuclear plasmid in infected B cells, replicating once per cell cycle during S phase. EBV infection causes infectious mononucleosis, and it contributes to Burkitt's lymphoma, T-cell lymphoma, Hodgkin's disease, nasopharyngeal carcinoma, and other cancers. Because of its ability to be maintained as an extrachromosomal plasmid in infected B lymphocytes, and because it uses the cellular machinery for all aspects of DNA replication, studies of EBV replication have been useful for understanding the DNA replication mechanisms in human chromosomes (1) . A 1.7-kb region of the EBV chromosome, oriP, supports the replication and maintenance of recombinant plasmids in human cells, and EBNA1 is the only virus-encoded protein that is required (2, 3) . A dyad symmetry (DS) region of~120 bp is the functional replicator of oriP, and this region is sufficient for initiation of bidirectional replication in the presence of EBNA1 (4-7). Because EBNA1 lacks DNA helicase or any other enzymatic activities, replication of EBV plasmid relies upon the host cellular DNA replication machinery for initial unwinding of DNA, for initiation of DNA replication, and for the other steps needed for replication of the entire plasmid (8, 9) . EBNA1-dependent replication from the EBV origin is regulated to occur only once per cell cycle by the same licensing mechanism that is used for chromosome replication (10, 11) . Following the binding of EBNA1 to oriP, the origin recognition complex (ORC1 to ORC6) and the regulatory protein Cdc6 are recruited, which together effect the recruitment of the MCM2 through MCM7 helicase complex (1, 6, (12) (13) (14) (15) . The association of these proteins at oriP with the licensing protein Cdt1 initiates the replication process.
Replication of the simian virus 40 (SV40) genome has been examined both in vivo and in vitro (16) . In vivo studies with SV40 in mammalian cells and in vitro studies with reconstituted mam-malian cell-free systems with circular plasmids have shown that bidirectional replication ensues from an SV40 origin sequence in the presence of T antigen (17) (18) (19) (20) , which functions both as an origin-binding protein and as a DNA helicase for the unwinding of duplex DNA (16, (21) (22) (23) . In the reconstituted system, T antigen, replication protein A (RPA), DNA polymerase ␣, and topoisomerase I are sufficient for primer synthesis (24) . The loading of proliferating cell nuclear antigen (PCNA) by clamp loader replication factor C (RFC) affects the switch from synthesis by Pol␣ to highly processive synthesis by Pol␦ (25) (26) (27) . Although studies with the purified proteins in reconstituted systems have been informative regarding how the initiation, elongation, and Okazaki fragment maturation processes could occur in vitro, it still remains unclear whether the replication of SV40-based plasmids in human cells primarily utilizes the cellular replication machinery or whether the use of T antigen as a DNA helicase precludes the need for many of the proteins such as the MCM2-7 DNA helicase. Also, because Pol␦ is sufficient for replicating both the DNA strands in the reconstituted SV40 system, whereas Pol may also be required for chromosomal replication (28, 29) , the replication of SV40 plasmids may differ from chromosomal replication in significant ways.
SV40 origin-based plasmid systems have been used extensively for DNA repair studies with mammalian cell-free extracts (30) (31) (32) (33) , and more recently, in our studies for analyzing the roles of translesion synthesis (TLS) DNA polymerases in human cells, we utilized a duplex plasmid system in which bidirectional replication initiates from an SV40 origin in the presence of T antigen (34) (35) (36) . From these analyses, we inferred that TLS occurs very similarly on the leading and lagging DNA strands. However, since the SV40 system utilizes Pol␦ for the replication of both the leading and the lagging DNA strands, whereas genetic studies in Saccharomyces cerevisiae have suggested that Pol␦ replicates the lagging strand and Pol replicates the leading strand (37, 38) , TLS on the two DNA strands could differ during mammalian chromosomal replication, if in mammalian cells Pol also replicates the leading strand and Pol␦ replicates the lagging strand. It is not known whether in human cells, Pol␦ replicates both the DNA strands or whether Pol and Pol␦ replicate the leading and lagging strands, respectively, as in yeast.
Because the EBV plasmid system uses the cellular machinery for all aspects of DNA replication in human cells, whereas such information has been lacking for the in vivo replication of SV40 origin-based plasmids, we have designed a duplex plasmid system in which bidirectional replication initiates from the EBV origin and the genetic control of TLS on both the leading and lagging DNA strands can be determined separately. Here, we present our analyses of TLS opposite a site-specific UV-induced cis-syn TT dimer present on the template for synthesis of the leading or the lagging DNA strand, and show that in the EBV plasmid also, similar genetic mechanisms control TLS on the two DNA strands. We discuss the implications of these observations for TLS during chromosomal replication in human cells.
RESULTS

Construction of heteroduplex target vectors containing an EBV
origin of replication and a site-specific cis-syn TT dimer. To construct the EBV plasmid for TLS studies, the 2-kb EBV replication origin sequence was PCR amplified from pCEP4 (Invitrogen) and used to replace the SV40 origin in the SV40-based plasmids that we have used for TLS studies. As shown in Fig. 1 , the final EBV vector (pBSA/pSBA) contains an EBV origin and a heteroduplex adduct site, one strand of which carries a site-specific cis-syn TT dimer and the other of which contains an AgeI ϩ site. Since EBV replication requires the EBNA1 protein, we expressed EBNA1 in human cells. Because the DNA lesion located on either the leading strand DNA template or the lagging strand template is in frame with the LacZ= sequence, and the lesion containing DNA strand contains the kan ϩ gene, replication through the DNA lesion by TLS will produce blue colonies among Kan ϩ colonies, whereas white colonies among Kan ϩ colonies would result from template switching. That is because the other strand has the AgeI ϩ site opposite the TT dimer, which puts the LacZ= gene out of frame, and since template switching utilizes sequence information from the strand with the AgeI ϩ site for copying past the lesion site, this lesion bypass mechanism produces white colonies.
Replication efficiency of EBV plasmid in human cells. We first carried out control experiments to verify that the replication of the EBV plasmids we constructed was strictly dependent upon the presence of the EBV origin sequence and the EBNA1 protein.
For this purpose, we used SV40-transformed 293T cells, EBVtransformed 293E cells, and NER-defective xeroderma pigmentosum group A (XPA) human fibroblasts stably expressing the EBNA1 protein and examined the replication efficiency of undamaged plasmids bearing the SV40 or the EBV origin sequence relative to the replication of the pCDNA3.1 zeocin resistance (Zeo r ) plasmid, which has the SV40 origin. As shown in Table 1 , in SV40-transformed 293T cells, neither of the pBSA or pSBA EBV plasmid was able to replicate, whereas the SV40 origin-bearing plasmids PBS and PSB and the pCDNA3.1 Zeo r plasmid replicated. In contrast, in EBV-transformed 293 E cells, only the plasmids pBSA or pSBA carrying the EBV origin replicated, and in SV40-transformed XPA cells in which the EBNA1 protein is also expressed, all the plasmids replicated. As indicated from the relative numbers of ampicillin-resistant colonies, which represent the replication of EBV origin-or SV40 origin-bearing plasmid, and zeocin-resistant colonies, the EBV plasmids replicated~80% as efficiently as the SV40 origin-based pCDNA3.1 Zeo r plasmid. We conclude from these observations that the EBV origin-containing plasmids we have constructed replicate efficiently in human cells and that their replication requires the EBV origin and the EBNA1 protein.
Genetic control of TLS opposite a cis-syn TT dimer carried on the leading-or lagging-strand DNA template of EBV plasmid. In our previous studies with a cis-syn TT dimer carried on the leading-or the lagging-strand DNA template of SV40 plasmids, we showed that on both strands, TLS occurs almost equally frequently and the same TLS Pols contribute to lesion bypass (36) . For determining the genetic control of TLS on the two DNA strands of EBV plasmids, and to be certain of the similarities or differences between the SV40 and EBV plasmids, we carried out TLS studies in which we examined TLS in both plasmid systems concurrently. As is shown in Table 2 , on both the DNA strands of the SV40 plasmid carried in XPA cells, TLS occurred with a frequency of~35% in cells treated with control (NC) small interfering RNA (siRNA), and the frequency of TLS was reduced upon the depletion of Pol, Pol, or Pol but not depletion of Pol. These independent sets of data resemble closely the more extensive TLS results we published previously (36) .
The data for the effects of siRNA depletions of TLS Pols on promoting replication through a cis-syn TT dimer carried on the leading-or the lagging-strand DNA template of EBV plasmids are shown in Table 3 . In XPA cells treated with control siRNA, TLS on both the strands occurred with a frequency of~30%. For both the DNA strands, Pol depletion conferred an~50% reduction in the frequency of TLS compared to that in control cells, and depletion of either Pol or Pol resulted in an~30% reduction in TLS frequency. In contrast, Pol depletion had no effect on TLS frequency for the lesion carried on either DNA strand. In our previous study with SV40 plasmids, we showed that Pol, -, and -function independently of one another in mediating TLS opposite a cis-syn TT dimer, as TLS was further reduced upon the simultaneous depletion of any two of these Pols, and TLS was almost completely inhibited upon the simultaneous depletion of both Pol and Pol in xeroderma pigmentosum variant (XPV) cells, which lack Pol (36). Similar to our observations with the SV40 plasmid, the frequency of TLS opposite a cis-syn TT dimer carried on either the leading-or the lagging-strand DNA template in the EBV plasmid shows a further reduction upon the simultaneous knockdown of Pol and Pol, Pol and Pol, or Pol and Pol beyond that observed upon the depletion of any of these Pols individually. We conclude from these observations that TLS opposite a cis-syn TT dimer carried on the leading-and the lagging-strand DNA templates of the EBV plasmid occur with similar frequencies and utilize the same TLS Pols. Error-free and mutagenic TLS opposite the lesion carried on the leading-or lagging-strand DNA template of the EBV plasmid. On both the DNA strands of the SV40 plasmid, TLS incurs only~2% mutational events, to which Pol and Pol contribute equally, and depletion of both Pols results in an almost complete absence of mutagenic TLS (36) . In contrast, Pol replicates through the cis-syn TT dimer in an error-free manner, and mutation frequencies rise~2 to 3-fold upon Pol depletion. TLS on both the DNA strands of the EBV plasmid carried in XPA cells also occurs in a predominantly error-free manner, as we found onlỹ 1% mutational events, and the genetic control of error-free and mutagenic TLS is the same for the two DNA strands of the EBV plasmid (Tables 4 and 5 ). On both DNA strands, mutation frequencies increase to~3% in Pol-depleted cells, and mutagenic TLS was reduced in cells depleted of Pol or Pol. Also, as expected, the increase in mutation frequencies in Pol-depleted cells showed a reduction if Pol or Pol was also depleted. Hence, on both DNA strands of EBV plasmid, Pol carries out error-free TLS, whereas TLS by Pol and -generates a low frequency of mutations.
DISCUSSION
SV40 plasmids have been used extensively for DNA repair studies in mammalian cells, but it remains unclear whether this plasmid uses the host cellular machinery for the various steps of replication or whether its replication differs in important aspects from chromosomal replication. This becomes particularly relevant because SV40 T antigen has a DNA helicase activity; hence, the question of whether SV40 plasmid requires the MCM2-7 proteins or whether the DNA helicase function of T antigen is sufficient for its replication in human cells arises. A lack of requirement for MCM2-7 would imply that SV40 plasmid replication differs from chromosomal replication in major ways, and that would suggest that any replication associated processes such as TLS would occur differently in SV40 plasmid replication from that during chromosomal replication.
Since except for EBNA1, the EBV-based plasmids are known to use the host cellular machinery at all the steps of its replication, it provides a useful system for determining whether or not the information obtained from TLS analysis with the SV40-based plasmids is reflective of cellular TLS processes. For this reason, we constructed a duplex plasmid system which carries a site-specific DNA lesion on the leading-strand or the lagging-strand DNA template and in which bidirectional replication initiates from an EBV origin sequence and the origin-binding protein EBNA1 is expressed in human cells. Our observations that opposite a cis-syn TT dimer carried on either DNA strand of the EBV plasmid, TLS occurs equally frequently, and that the same Pols carry out TLS on both DNA strands have provided strong evidence that there is a close correspondence between the information gleaned for TLS with the SV40 plasmid system and that obtained with the EBV system. In our previous TLS studies, we have shown that for both the UV-induced DNA lesions, cyclobutane pyrimidine dimers (CPDs), and 6 -4 photoproducts, the genetic control of error-free and mutagenic TLS in the SV40 plasmid is the same as that determined from analyses of UV-induced mutagenesis resulting from replication through CPDs or 6 -4 photoproducts in the cII gene carried in the mouse chromosome (35, 36) . Although these studies have been important for verifying that overall, the genetic control of TLS in SV40 plasmid in human cells resembles that for TLS in a chromosomal gene in mouse cells, the question still remained whether the same genetic mechanisms are employed for TLS on the two DNA strands during chromosomal replication as those indicated from our studies with the SV40 plasmid or whether they occur differently in the SV40 plasmid and during chromosomal replication. Our findings that TLS on the two DNA strands in the EBV plasmid resembles that in the SV40 plasmid provide strong support to the inference that TLS studies with the SV40 plasmid are as informative regarding TLS processes in chromosomal DNA as those gleaned from TLS analyses with the EBV plasmid. The requirement of Pol for the replication of the leading strand and of Pol␦ for the replication of the lagging strand as inferred from genetic studies in yeast (37, 38) might suggest that in humans also, Pol and Pol␦ act similarly. In that case, the TLS mechanisms for the two DNA strands could be expected to differ because of the likelihood that the TLS Pols and their associated proteins would interact differently with Pol versus Pol␦. Since we find that the EBV and SV40 plasmids use similar TLS mechanisms on the two DNA strands, and since Pol␦ is known to replicate both the DNA strands of SV40 plasmid, that raises the possibility that Pol␦ replicates both DNA strands in human cells. The alternative possibility that the requirements of TLS Pols are not affected by any of the differences in the replicative Pols or in other proteins that may be used for the replication of the two DNA strands, however, cannot be excluded.
Regardless of the above-noted considerations, our observations that the genetic control of TLS in the SV40 plasmid resembles that in the EBV plasmid provide strong support for the premise that TLS studies with the SV40 plasmid system are highly revealing of cellular TLS mechanisms. Furthermore, since the information derived from studies with these plasmid systems resembles that gleaned from studies of the genetic control of error-free and mutagenic TLS in human and mouse cells, the combination of 
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MATERIALS AND METHODS
Construction of the plasmid vector containing the EBV origin and a site-specific cis-syn TT dimer. To construct the plasmid carrying an EBV origin, the EBV replication origin sequence (~2 kb) was amplified from pCEP4 (Invitrogen) by PCR and used for replacing the SV40 origin sequence at the AflIII and SapI sites in pBS/pSB TLS vectors (Fig. 1C) . The heteroduplex target sequence containing a cis-syn TT dimer in one strand and an AgeI site opposite the TT dimer on the other strand is shown in Fig.  1A . The heteroduplex target sequence is placed into the lacZ= sequence such that the lesion-containing strand is in frame with the lacZ= sequence, whereas in the other strand, the AgeI site puts the lacZ= sequence out of frame (Fig. 1A) . The wild-type kanamycin resistance gene (kan ϩ ) was placed on the same strand with the UV lesion, which is in frame with lacZ= an and MfeI site (Fig. 1B) . The rest of the procedure for the construction of the final lesion-containing EBV vector (Fig. 1C ) is identical to that described previously (36) .
In vivo translesion synthesis assays in human cells. Since EBV replication requires Epstein-Barr nuclear antigen 1 (EBNA1), the host cell has to be EBV transformed or express the EBNA1 protein in trans. To test replication efficiency, we used HEK293T cells (American Type Culture Collection [ATCC]), EBV-transformed HEK 293 cells (ATCC), and XPAdeficient human fibroblasts (XP12DE) stably expressing EBNA1. The siRNA knockdown efficiencies of TLS Pols have been shown previously (35, 36) . For in vivo TLS assays, XPA cells were plated in six-well plates at 70% confluence (approximately 3 ϫ 10 5 cells per well) and transfected with 100 pmol siRNAs. For the simultaneous siRNA knockdown of two genes, 100-pmol amounts of siRNAs for each gene were mixed and transfected. After a 48-h incubation, the heteroduplex target vector DNA (1 g), 1 g of pCDNA3.1-Zeo r (Invitrogen) and 50 pmol of siRNA (second transfection) were cotransfected with Lipofectamine 2000 (Invitrogen) (Fig. 1C) . The pCDNA3.1-Zeocin DNA was used as an internal control. Since pCDNA3.1-Zeocin has an SV40 replication origin, it can replicate in human cells expressing the T antigen along with the EBV plasmid if the EBNA1 protein is also expressed. The replication efficiency of the EBV plasmid can then be determined relative to that of the SV40 origin-based zeocin plasmid by selection for EBV plasmid on LB medium containing kanamycin (Kan) and for the zeocin resistance plasmid on LB medium containing zeocin (Zeo). After a 30-h incubation, plasmid DNA was rescued from cells by the alkaline lysis method and digested with DpnI to remove unreplicated plasmid DNA. The plasmid DNA was then transformed into Escherichia coli XL1-Blue supercompetent cells (Stratagene). Transformed bacterial cells were diluted in 1 ml super optimal broth with catabolite repression (SOC) medium, and then 150 l of diluted bacterial cells was plated on LB/Zeo (50 g/ml zeocin; Invitrogen) and 300 l of cells was plated on LB/Kan (25 g/ml kanamycin; Sigma) plates containing 1 M isopropyl-1-thio-␤-d-galactopyranoside (IPTG) (Roche) and 100 g/ml of 5-bromo-4-chloro-3-indolyl-␤-d-galactopyranoside (XGal) (Roche), respectively. After 16 h incubation at 37°C, blue and white colonies were counted on kanamycin plates. The TLS frequency was determined from the number of blue colonies out of total colonies on LB/ Kan plates. Plasmid DNA obtained from blue colonies was analyzed to determine the mutation frequency and the mutational changes incorporated during TLS. Replication efficiency of undamaged EBV plasmid was determined by comparing the number of colonies that grew on LB plates containing ampicillin (Amp) versus LB/Zeo and LB/Kan plates. For details of these methods, see reference 37.
